Abstract Age-related changes in the blood antioxidant status, in the prooxidative activity of peripheral phagocytes and in the markers of oxidative injury were simultaneously examined in the circulation of 45 middle-aged and elderly healthy volunteers. The results showed a decrease in the opsonin-dependent and -independent extracellular-phagocyte oxidative activity, evaluated by means of luminol chemiluminescence. An increase in the portion of the mitochondrial superoxide generation within the total oxidative phagocyte response was evaluated by means of lucigenin chemiluminescence. The erythrocyte copper/zinc superoxide dismutase increased with age, while blood catalase and glutathione peroxidase activities remained unchanged. The levels of blood SH-groups decreased with age. An age-related increase in blood concentration of thiobarbituric acid-reactive material, a marker of oxidative damage, was detected. Some data, illustrating the existence of a delicate balance between oxidants and prooxidants, were also obtained. Further studies on the interrelationship between the components determining pro/antioxidative status in an organism may prove useful for developing a complex strategy in combating ageing.
Introduction
Free radical processes are constantly running in living organisms. Ionizing radiation, environmental polluters, hyperoxia, hypoxia, side-products of endogenous electron transport processes, phagocyte prooxidative activity, and oxidase-catalyzed reactions produce reactive oxygen species (ROS). Because of the high chemical reactivity of radicals and their intermediates, various components in the organism constantly undergo chemical changes in a more or less random manner.
The intensity of oxidative processes in the organism is controlled by a variety of enzymatic and non-enzymatic antioxidants that can neutralize the produced ROS or prevent their formation. Furthermore, cells are equipped with reparative enzymes that effectively remove oxidative damage. Unfortunately, the antioxidant defense system is not perfect. Under certain conditions, a state of imbalance between the radical-forming processes and the body mechanisms against their deleterious effect may result in a condition known as oxidative stress.
The senescent organism has been considered to be in a state of oxidative stress (Gilca et al. 2007; Agarwal and Sohal 1994) . Oxidative stress causes increased levels of oxidized proteins, lipids and nucleic acids in cells. It induces disturbances in a number of biological functions, such as loss of physical activity, worsened cognitive functioning and reduced metabolic integrity (Stadtman 2006; Sohal and Allen 1990) .
Although the relationship between oxidative stress and ageing has been extensively studied, data reported in the literature are inconsistent. Studies on likely causes for the oxidative damage observed in adults have revealed unchanged, increased or even decreased activity of identical antioxidant enzymes (Ho et al. 2005; Rizvi and Maurya 2007; Kasapoglu and Ozben 2001; Casado and López-Fernandez 2003) . Data have also been published on increased or unchanged levels of indicators of oxidative damage in elderly subjects. Limited research is available regarding the age-related changes in the extracellular oxidative activity of peripheral phagocytes and their contribution to the prooxidative status of blood. To the best of our knowledge, there are no studies that simultaneously evaluate the rate of extracellular radical generation by peripheral phagocytes, the antioxidant blood potential and the degree of oxidative membrane injury.
The aim of the present study was to simultaneously examine the changes that occur in the opsonin-dependent and -independent extracellular oxidative activity of peripheral phagocytes, in the levels of a number of blood antioxidant components and in the concentration of some markers of oxidative injury in healthy human blood as a function of age. In view of the complexity of pro/ antioxidative processes, the aim of the study was also to elucidate the interrelationship between the parameters measured.
Materials and methods

Study group
We studied 45 healthy volunteers (17 men and 28 women; mean age 54.3 years; range 40-80 years). During the study all individuals were in good health with no clinical evidence of acute or chronic infection.
The selection criteria included absence of acute disease, cancer, arterial hypertension, diabetes mellitus or endocrine disease. The individuals did not receive any medication, such as vitamins or minerals, which could influence their antioxidant status. All experiments were conducted in accordance with the rules and regulations approved by the University Research Ethics Committee.
Blood parameters
Blood samples, anticoagulated with heparin (10 U/ml), were collected in a fasting state. Experiments began within 30 min of collection. Each time the number of leukocytes, erythrocytes, platelets and differential cell counts were determined.
Evaluation of ROS generation by peripheral phagocytes
The oxidative activity of peripheral phagocytes to produce ROS was measured in whole blood. The kinetics of luminol (LCL) and lucigenin (LgCL) chemiluminescence reflecting this activity were registered by a computerized chemiluminometer operating in a quanta metric mode (Bochev et al. 1992) .
Extracellular luminol chemiluminescence (Extra LCL) by peripheral phagocytes stimulated through opsonindependent and independent receptor mechanism Extra LCL represents the extracellular superoxide production by stimulated phagocytes. Since luminol can easily permeate the cellular membrane, LCL reflects the total myeloperoxidase (MPO)-driven NADPH-oxidase activity. To measure only the extracellular portion of the response, a model system containing sodium azide and exogenous horseradish peroxidase (HRP) was used. Sodium azide inhibits MPO and the exogenous HRP regenerates LCL, and registers the extracellular component of the cellular response. The samples contained: 0.1 ml whole blood (1:10), 0.2 ml luminol (10 −4 mol/l), 1.0 ml formylmethionyl-leucyl-phenylalanine (fMLP) (2×10 −5 mol/l) or 0.5 ml zymosan (1 mg/ml), 0.02 ml NaN 3 (65 mg/ml), 0.2 ml HRP (40 U/ml) and Krebs-Ringer phosphate buffer (KRP) in a total volume of 2 ml (Walan et al. 1992 ).
Lucigenin chemiluminescence (LgCL) LgCL has been considered as a specific indicator of the superoxide produced by peripheral phagocytes (Tosi and Hamedani 1992) . Lucigenin is able to penetrate into the cells and localize in mitochondria triggering a significant chemiluminescent response through interaction with the intermitochondrial superoxide (Chen et al. 2001) . Therefore, LgCL kinetics is determined by two different processes: superoxide production through the respiratory burst activation and superoxide production in mitochondria. The samples contained: 0.1 ml whole blood (1:10), 0.5 ml lucigenin (10 −4 mol/l), 0.5 ml zymosan
(1 mg/ml) and KRP in a total volume of 2 ml. Two parameters of the chemiluminescent kinetic curves were used to examine the following aspects of phagocyte activity to generate ROS:
-Velocity of phagocyte activation expressed by the reciprocal of the parameter T max (the time of the peak appearance after the start of chemiluminescent response by phagocyte stimulation). -Maximum activity achieved by phagocytes expressed by the parameter I max (the maximum achieved value of chemiluminescence).
To compare chemiluminescent responses of different individuals, the data were normalized with respect to phagocyte number and red blood cell (RBC) absorption in the blood samples (Bochev et al. 1993 ).
Components of the blood antioxidant capacity
The erythrocyte Cu/Zn superoxide dismutase activity (CuZn SOD) was measured spectrophotometrically according to the method of Maral et al. (1997) . It is based on inhibiting the reduction of nitroblue tetrazolium by superoxide generated via photoreduction of riboflavin. A blank in the absence of CuZn SOD was irradiated for 2 min at λ=365 nm at a distance such as to provide an increase in optical density at λ=560 nm of 0.20 to 0.21. One unit of activity was defined as the amount of enzyme causing 50% inhibition of the riboflavin reduction to formazan observed in the blank. A standard curve using pure human erythrocuprein revealed that inhibition was linear to 40%. The results, normalized with respect to the blood erythrocyte number, were expressed as U/10 9 RBC. The reproducibility evaluated in terms of the coefficient of variation (CV) was calculated to be 3.7% (n=5).
The total blood catalase (CTS) activity was assessed spectrophotometrically according to the method of Sigma (1997) . To compare activities of different samples, the H 2 O 2 concentrations at the beginning and at the end of the assay were accurately defined. The optical density of the substrate solution at λ=240 nm was adjusted to range between 0.550 and 0.520. The time required for the optical density of the sample to decrease from 0.450 to 0.400 was measured. This corresponded to the decomposition of 3.45 µmol of H 2 O 2 in the 3-ml sample. The results were expressed in kU/ml blood. The CV calculated was 5.4% (n=5).
The blood glutathione peroxidase (GSH-Px) activity was evaluated spectrophotometrically according to Pereslegina (1989) . The activity was assessed by the degree of oxidized glutathione accumulation in the sample. Data were expressed as µmol GSSG/min/ml blood. The CV calculated was 4.9% (n=5).
The total concentration of blood SH-groups was measured spectrophotometrically according to the method of Ellman (1959) . The technique is based on the fact that 5,5'-dithiobis(2-nitrobenzoic acid) reacts with aliphatic thiol compounds to produce a highly colored product. The results were expressed in mmol SH/l blood. The CV was 5.8% (n=5).
Degree of oxidative damage
The degree of oxidative damage in peripheral blood was estimated by means of lipid hydroperoxides (ROOH) in plasma and thiobarbituric acid-reactive material (TBARM) in blood.
The plasma ROOH levels were measured according to the method of Yagi (1987) . The approach is based on the fact that lipid peroxides react with thiobarbituric acid (TBA) to yield a red pigment. To determine specifically ROOH in plasma, they were precipitated along with plasma proteins to remove water-soluble TBARM. The reaction was carried out at pH 3, where sialic acid could not react with TBA. To increase the sensitivity, the reaction product was determined fluorometrically, where bilirubin, if contained in a sample, did not interfere with the assay. The ROOH levels were expressed in terms of malondialdehyde (MDA) as standard. Since MDA is unstable, tetramethoxypropane, which is converted quantitatively to MDA in the reaction procedure, was used. The CV calculated was 5.4% (n=5).
The blood TBARM concentration was measured spectrophotometrically according to the method of Asakawa and Matsushita (1980) . The results were expressed in nmol/ml blood. The CV computed was 4.1% (n=5).
To evaluate reliability of the laboratory procedures, we applied the test-retest analysis. Within a single day all the parameter measurements were repeated on a control group of 12 healthy individuals. The values of the obtained correlation coefficients of Pearson (Spearman) and the corresponding levels of significance were as follows: Extra LCL (Rs=0.61, p=0.046); LgCL (Rs=0.69, p=0.038); SOD (r=0.76, p=0.026); CTS (r=0.94, p=0.00002); GSH-Px (r=0.74, p=0.041); SH (r=0.86, p=0.00037), ROOH (r=0.76, p=0.0039) and TBARM (r=0.81, p=0.0014).
Statistical analysis
The correlation relationships between the parameters measured were determined applying the Pearsonproduct moment correlation. For maximum intensities of Extra LCL and LgCL, a logarithmic transformation was used to approach normality of distributions. In all further statistical analyses, log-transformed data of these two parameters were used. Breakdown and one-way ANOVA was applied to study the effect of the "age" and "sex" factors on the value of the oxidative markers. The study group was classified into four age-subgroups: group 1 (40-50 years); group 2 (51-60 years); group 3 (61-70 years) and group 4 (71-80 years). When the effect of the factors was found to be significant (the F ratio and the corresponding level of significance p are given in the text), the Newman-Keuls multiple range test was applied to determine differences among groups. Data are presented as mean ± SD or median (minimum-maximum value). A p value <0.05 was considered statistically significant.
Results
Peripheral leukocyte count
There were no age-related changes in the total number of peripheral leukocytes (p=0.13). No statistically significant differences were observed for the number of granulocytes (p=0.49), monocytes (p=0.46) and lymphocytes (p=0.08).
Evaluation of ROS production by peripheral phagocytes
Extracellular luminol chemiluminescence
The velocity of phagocyte activation to generate extracellular superoxide did not change with age (T max of zymosan-stimulated Extra LCL: 14.5±6.3; 14.4±5.4; 11.7±2.5 and 16.4±6.8 min in the 1st-4th agesubgroups, respectively; T max of fMLP-stimulated Extra LCL: 1.2±0.5; 1.1±0.5; 1.8±1.1 and 1.1±0.0 min in the 1st-4th age-subgroups, respectively). The maximum oxidative activity of the cells estimated by the peak intensity of Extra LCL curve in response to opsonized zymosan (r=−0.67, p=0.0000010) (Fig. 1 ) and chemotactic agent fMLP (r=−0.60, p=0.000016) (Fig. 2) was decreased.
Lucigenin chemiluminescence
The velocity of phagocyte activation to produce superoxide decreased with age (r=0.46, p=0.0035) (Fig. 3) ln(I max )= 8.3330 -.0678 * age Fig. 1 Correlation between the maximum intensity I max of zymosan-stimulated Extra LCL registered by peripheral phagocytes and age (n=45). The statistical analysis was performed on log transformed versus linear data using Pearson productmoment correlation (r=−0.67, p=0.0000010)
Components of the blood antioxidant capacity
The activity of erythrocyte CuZn SOD increased with age (r=0.38, p=0.011) (Fig. 4) . This increase, however, was not linear within the whole age-range examined. The analysis of variance (F=6.09, p=0.016) with a consequent post-hoc comparison showed that the enzyme activity decreased in the oldest subgroup (71-80 years) (Fig. 5) . The total blood catalase activity showed only a tendency to increase (r=0.27, p=0.08) (29.7±5.9; 31.7±5.5; 32.4±4.1 and 33.8±7.1 kU/ml in the 1st-4th age-subgroups, respectively). No changes with age were established for the blood glutathioneperoxidase activity (9.8±0.8; 9.9±0.2; 9.4±1.3 and 8.4±0.8 μmol/min/ml in the 1st-4th age-subgroups, respectively). The total SH-groups content in blood decreased with age (r=−0.31, p=0.044) (Fig. 6 ).
Degree of oxidative damage
The plasma ROOH levels did not change with age (3.2±1.0; 3.7±0.5; 3.9±0.7and 3.7±1.2 nmol/ml in the 1st-4th age-subgroups, respectively). TBARM ln(I max ) = 9.2561 -.0737 *age Fig. 2 Correlation between the maximum intensity I max of fMLP-stimulated Extra LCL registered by peripheral phagocytes and age. The statistical analysis was performed on log transformed versus linear data using Pearson-product moment correlation (r=−0.60, p=0.000016) (n=45) Erythrocyte CuZn SOD activity depending on age. The statistical analysis was performed using breakdown and oneway ANOVA (F=6.09, p=0.016). The post-hoc NewmanKeuls multiple range test was applied to determine differences among groups only showed a statistically significant increase with age (r=0.45, p=0.013) (Fig. 7) .
Correlation interrelationships between the parameters measured
We found that the number of peripheral phagocytes positively correlated with the blood TBARM concentration (r=0.51, p=0.0051). Surprisingly, I max of zymosan-stimulated Extra LCL (r=−0.41, p=0.029) and fMLP-stimulated Extra LCL (r=−0.39, p=0.035) negatively correlated with the blood TBARM concentration. The time to peak T max of LgCL (r=0.45, p=0.020) and the maximum intensity I max of LgCL (r=0.49, p=0.016) positively correlated with the plasma ROOH concentration. A highly significant positive correlation was found to exist between the normalized CuZn SOD activity in erythrocytes and the plasma ROOH concentration (r=0.81, p=0.0000). The normalized CuZn SOD activity in erythrocytes correlated with I max of fMLPstimulated Extra LCL (r=−0.39, p=0.0087), T max of LgCL (r=0.59, p=0.000078) and I max of LgCL (r=−0.37, p=0.020). Both CuZn SOD and GSH-Px activities positively correlated with the number of peripheral monocytes. The total blood SH-groups content positively correlated with the number of erythrocytes (r=0.34, p=0.020) and hemoglobin concentration (r=0.43, p=0.0032).
Effect of sex on the oxidative parameters studied
It was found that sex was not a significant factor for the values of the obtained results.
Discussion
The aim of the present investigation was to simultaneously elucidate the age-related changes that occur in the activity of peripheral phagocytes to produce ROS, in the activity of components of the antioxidant defense system and in the levels of markers of oxidative damage in blood. We established a reduced extracellular LCL by peripheral phagocytes in whole blood in response to two different receptor stimulants: the serum-opsonized zymosan and the opsonin-independent chemotactic tripeptide fMLP. We may, therefore, conclude that the extracellular superoxide generation by phagocyte NADPH oxidase decreases in elderly subjects, which is in accordance with data published (Perskin and Cronstein 1992) . The result supports the idea of the age-related immune system remodeling, and not that of the age-dependent leukocyte-mediated potentially destructive extracellular radical overproduction.
We also studied age-related changes in phagocyte oxidative activity by LgCL. We did not find any change in the maximum LgCL intensity with age. We found, however, a positive correlation relationship between the time to the peak of LgCL kinetics and age. Since NADPH-oxidase-driven extracellular superoxide generation is reduced, then the increased time to the peak observed at an unchanged maximum intensity may point out an enhanced portion of the mitochondrial superoxide generation within the total response. In other words, the increased time to achieve maximum oxidative activity could be an indicator of changed proportions between the NADPH-oxidase mediated extracellular superoxide production and the intracellular mitochondrial superoxide production in favor of the mitochondrial one. Such a conclusion is supported by other authors who have reported that the rate of mitochondrial production of superoxide and hydrogen peroxide significantly increases with age due to the progressive oxidative modification of the mitochondrial enzymes (Passos et al. 2006; Cadenas et al. 2000; Hensley et al. 1999) . Our conclusion about the change occurrence in the intracellular redox status may have various physiological consequences, ion imbalance in the cell and changes in the stearic properties of chromatin through disulfide bond formation. Some studies have established an inverse relationship between the lifespan potential and the intracellular levels of oxidative damage in different organisms. This is valid irrespectively of the factors that can change the maximum longevity, such as calorie restriction, mutations and levels of antioxidants (Sohal et al. 1995; Sanz et al. 2006) . SOD, CTS and GSH-Px are the three main antioxidant enzymes that control the biological effects of the ROS produced in the organism. The data published on the status of these enzymes in the circulation of elderly subjects are inconsistent and there is no definite opinion on whether their activity increases or decreases with age. Increased (Ho et al. 2005; Ozturk and Gumuslu 2004; Rizvi and Maurya 2007) , decreased (KedzioraKornatowska et al. 2007; Bolzan et al. 1997) or even normal (Bogdanska et al. 2003; Kasapoglu and Ozben 2001) CuZn SOD activity in erythrocytes with age have been reported. Similar data on increased (Ho et al. 2005; Rizvi and Maurya 2007, Ozturk and Gumuslu 2004; Bolzan et al. 1997) , decreased (Volkovova et al. 1996; Kedziora-Kornatowska et al. 2007) or unchanged (Bogdanska et al. 2003, Kasapoglu and Ozben 2001; Bolzan et al. 1997 ) erythrocyte CTS and GSHPx activities have also been published. Data have been reported about significantly decreased plasma concentrations of the extracellular SOD with age (Di Massimo et al. 2006) . Besides, wide interindividual variations in the activity of the enzymes have been observed (Bogdanska et al. 2003; Volkovova et al. 2005) .
We found that the erythrocyte CuZn SOD activity increased with age. The analysis of variance, however, showed that the enzyme activity did not increase linearly with age but decreased in the oldest subgroup (more than 70 years). Such a result is not unexpected since data have been published about a reduced erythrocyte CuZn SOD activity in very old individuals (Mecocci et al. 2000) . At the same time, the blood GSH-Px activity did not change with age. Blood CTS activity showed only a tendency to increase without reaching a statistical significance. We consider that the increased CuZn SOD activity at unchanged blood CTS and GSH-Px activities should not be interpreted as an indicator of increased blood antioxidant capacity with age. Under these conditions, the increased CuZn SOD activity may exhibit prooxidative properties since it leads to an increased concentration of hydrogen peroxide, the latter being more toxic than the superoxide itself.
In the present study, the total blood content of SHgroups as a function of age was measured since they mainly determine the reducing cellular capacity. We found age-related reduction in the total blood SHgroups content to be in agreement with some previously published data (Hack et al. 1998) . The functional consequences of reduced blood SH-groups content could be a catalytic inactivation of proteins and a loss of specific cellular functions (Douzou and Maurel 1977; Shacter 2000) . The decreased blood SH-groups content could result from reactive oxygen species (Sun and Tower 1999) . We did not find, however, any relationship between the total blood SH-groups content and any of the parameters measured. Although it is tempting to consider that age-related changes in the redox status are direct consequences of the increased ROS generation, such a cause-effect relationship remains to be proved.
The plasma levels of ROOH did not change with age, as has been observed before (Block et al. 2002) . We found an age-related increased blood TBARM concentration, which is in accordance with the data of Kasapoglu and Ozben (2001) . Thus, we may assume an increased level of oxidative damage exists in the blood of elderly subjects.
Besides measuring the levels of oxidative markers in circulation, we also examined their mutual interrelationship. We found that both erythrocyte CuZn SOD and blood GSH-Px activities significantly correlated with the number of monocytes in peripheral blood, a relationship which could be due to the fact that monocytes are a potential source of ROS. The CuZn SOD activity, in turn, correlated negatively with the maximum intensity of fMLP-stimulated Extra LCL. This result is reasonable in view of the fact that Extra LCL is a measure for the extracellular superoxide produced by the cells, the latter being the enzyme substrate. The CuZn SOD activity highly significantly and positively correlated with the time to the peak and maximum intensity of LgCL. This observation may support the findings about the existence of mitochondria-to-nucleus signaling that regulates the antioxidant protein levels triggered by changes in the mitochondrial production of superoxide (Storz 2006) . A highly significant and positive correlation existed between CuZn SOD activity and the levels of plasma lipid hydroperoxides. In this case, the increased CuZn SOD activity at unchanged peroxidase activities could cause increased oxidative injury levels. All these data point out the existence of a delicate balance between prooxidative and antioxidative processes in blood, related interdependently. This assumption is supported by literature data that has shown that oxidants may induce an increase in the activity and capacity of endogenous antioxidant defense system but may also suppress components of this activity (Allen et al. 1984; Allen et al. 1985; Sohal et al. 1985; Blakely et al. 1988; Hill et al. 1987) .
The advantage of the present study is that the status of components of the antioxidant defense system was examined along with the activity of peripheral phagocytes to generate ROS, and products of oxidative damage in circulation. The data showed a decrease in the extracellular oxidative activity of phagocytes, an increased mitochondrial superoxide production, differential changes in components of the antioxidant defense system and an indication of an increased level of oxidative damage in blood as a function of age. It is probably incorrect to interpret changes in the radical generation or in the activity of antioxidant components as either a deleterious or useful event occurring in vivo. Detailed studies are needed to determine the interrelationship between the pro-and antioxidative processes in the organism in order to elaborate a complex strategy to delay the ageing process.
